Abstract. The study of the differential regulation of several genes, in both Leishmania parasite life cycle forms, has been simplified by the development of in vitro axenic amastigote culture. Different reports have described extracellular amastigote production and maintenance from several Leishmania spp. A general approach to induce amastigote-like transformation includes progressive pH and temperature changes. Production of axenic amastigotes in continuous cultures using amastigotes recovered from macrophages is described in this report. Leishmania (Viannia) panamensis (M/HOM/PA/71/LS94) and Leishmania (V). guyanensis (M/HOM/BR/75/M4147) intracellular amastigotes were recovered from the human macrophage-like U937 cell line previously infected with promastigotes. The parasites were immediately adapted for growth and kept as axenic amastigotes at 34ЊC and acidic pH. These organisms were able to infect macrophage cell lines, maintain amastigote morphologic features, and express stage-specific transcripts. The relevance of axenic amastigotes in characterizing virulence factors in American leishmaniasis is discussed.
INTRODUCTION
Leishmania protozoa exist as flagellated promastigotes in the gut of the sand-fly vector and as nonflagellated amastigotes in the mammalian host's macrophage phagolysosoma. Leishmania undergo a developmental program modulated by environmental changes, resulting in reversible transformation between the extracellular promastigote form in the vector and the obligatory intracellular amastigote form in the vertebrate host. The molecules expressed during differentiation are directly related to both parasite survival and virulence. [1] [2] [3] [4] [5] [6] [7] Amastigotes reside in macrophage acidic compartments and are metabolically more active at lysosomal pH. 8 In contrast to the vector environment, the amastigote metabolic activities, such as oxygen utilization, precursor incorporation into macromolecules, and glucose and proline transport, are optimal at acidic pH and elevated temperatures. [8] [9] [10] [11] Although this major transformation's molecular basis remains poorly understood, several studies have shown that developmentally expressed transcript post-transcription regulation involves sequences present mainly in the 3Ј-untranslated regions. [12] [13] [14] Post-transcription control predominance over transcription control is probably due to trypanosomatid genome organization in large polycistronic transcription units. Several amastigote-specific genes have been described in different Leishmania species, including hsp83, hsp100, histone H1, cpb cysteine proteinase, the A2 gene family, the LmcDNA16 gene family, the spliced leader RNA gene, and the Ca 2ϩ -ATPase gene. [1] [2] [3] [4] [5] [15] [16] [17] [18] [19] [20] [21] [22] Amastigote isolation, from either lesions or infected macrophages, usually produces low parasite numbers, contaminated by host components. 23, 24 Axenic cultures have been obtained from several Leishmania species through changes in temperature and pH. 11, [24] [25] [26] [27] [28] The parasites have been shown to be similar to the intracellular amastigotes by several criteria including morphology, virulence and protein profile. 11, 18, 29, 30 The conditions for carrying out axenic cultures, with gradual temperature and pH changes, are species-specific. 11, 24, 25, 27, 31 Maintenance of several strains is thus difficult and time-consuming. A methodology in which, L. (V). panamensis and L. (V). guyanensis amastigote forms derived from infected macrophages were easily adapted to axenic culture, resembling intracellular conditions, was therefore developed. These amastigotes seem to preserve intracellular parasites' biological and biochemical properties. The feasibility of maintaining continuous axenic cultures will contribute towards characterizing Leishmania Viannia species' parasite virulence factors.
MATERIALS AND METHODS

Macrophages.
The adherent U937 cell line or the Phorbol myristate acetate (PMA)-activated U937 parental line (ATCC-CRL-1593.2; American Type Culture Collection [ATCC] Rockville, MD) was cultured in RPMI-1640 medium (Gibco-BRL, Gaithersburg, MD) containing 10% heatinactivated fetal calf serum (FCS) (Gibco-BRL) in the presence of 5% CO 2 at 37ЊC. 32 The cells were harvested during logarithmic growth phase and adjusted to a concentration of 2 ϫ 10 5 cells/ml in 250-ml culture flasks (Nalge Nunc International Corporation, Naperville, IL). After a 48-hr incubation period, the cells were used for infection assays.
Parasite cultures. Leishmania (V). guyanensis (M/HOM/ BR/75/M4147) and Leishmania (V). panamensis (M/HOM/ PA/71/LS94) strains were passed in Syrian golden hamsters (Mesocricetus auratus) (Instituto Nacional de Salud, Bogotá, Colombia). Promastigotes were cultured in RPMI-1640 (Gibco-BRL) supplemented with 10% heat-inactivated FCS (Gibco-BRL) at 24ЊC. The promastigotes were harvested during stationary growth phase.
Promastigotes in stationary growth phase were used to infect U937 macrophages in a 20:1 ratio. Cells were then incubated in tissue culture flasks (Falcon; Becton Dickinson Labware, Franklin Lakes, NJ) at 34ЊC, in a 5% CO 2 and 95% relative humidity environment. After incubation for 12 hr, the non-internalized promastigotes were removed by washing five times with plain RPMI and incubated in RPMI-10% FCS for an additional 96 hr. The cells were then treated with 0.5% trypsin (Sigma Chemical Co., St. Louis, MO) in Hanks' balanced salt solution (HBSS) (Gibco-BRL) and FIGURE 1. Axenic Leishmania (Viannia) panamensis (♦) and Leishmania (V). guyanensis (▫) amastigote growth. The curves show axenic cultures' parasite growth kinetics maintained in RPMI supplemented with 20% fetal calf serum at 34ЊC in 5% CO 2 . Individual points represent mean Ϯ SD counts ϫ 10 6 /ml. mixed for five min. The cells were then suspended in RPMI-1640, supplemented with 20% FCS at a final pH of 5.0 and passaged 10 times through a sterile 25-gauge syringe. The homogenized suspension was centrifuged for 3 minutes at 800 rpm. The supernatant was recovered and centrifuged at 1,000 rpm for an additional 5 min; it was then centrifuged for 10 min at 2,500 rpm. The pellet was suspended in RPMI-1640, supplemented with 20% heat-inactivated FCS and 25 g/ml of gentamicin sulfate (ICN Biomedicals Inc., Aurora, OH) at a final pH of 5.5. The cultures were incubated at 34ЊC in 5% CO 2 or in the absence of CO 2 , at an initial density of 10 6 amastigotes/ml and harvested during stationary growth phase.
Light and electron microscopy. Promastigote and amastigote cytopreparations were produced by cytocentrifugation (Cytospin, Sakura, Japan). They were fixed in methanol, stained with 2% Giemsa, and observed with immersion oil. Parasite sizes were measured and their morphologies were compared. Promastigote infection kinetics compared to those of amastigotes was monitored in the macrophage U937 cell line using a 10:1 ratio. Infected cell percentages and intracellular parasite total numbers were determined by manual counting in 100 cells using cyto-preparations.
For electron microscopy, L. (V). guyanensis and L. (V). panamensis amastigotes were harvested during the logarithmic late growth phase by centrifugation. The parasites were washed three times in Dulbecco's Phosphate Buffered Saline (PBS-D) (Gibco-BRL) and fixed with 2% (v/v) glutaraldehyde in phosphate buffer, pH 7.6. Cells were pelleted and post-fixed with 1% OsO 4 for 20 min. The parasites were then dehydrated in a 50%, 60%, 70%, 80%, 90%, and finally 100% ethanol series (5 min each) and embedded in LR White. Ultrathin sections (40 nm) were obtained using an ultramicrotome and were stained with uranyl acetate and lead citrate followed by examination with a Philips CM10 electron microscope (Eindhoven, The Netherlands).
Monoclonal antibody. A stage specific monoclonal antibody was produced by immunizing two BALB/c mice with 4% formaldehyde-fixed L. (V). panamensis axenic amastigotes. Parasites (1 ϫ 10 6 ) suspended in saline were injected intraperitoneally for a total of five immunizations, 20 days apart. Following cellular fusion (five days), the animals received the same booster dose. Immunized mice's spleen cells were fused with P3X63Ag8.653 myeloma cells (CRL-1580; ATCC) using 3000-3700 polyethylene glycol according to the described methodology 33 . After 10-14 days, the supernatants were screened by enzyme-linked immunosorbent assay. For screening, amastigotes and promastigotes were washed and suspended in PBS-D and parasites were adjusted to a concentration of 5 ϫ 10 7 /ml in a lysis buffer (10 mM EDTA, 20 mM Tris [pH 7.3], 40 mM NaCl, and a cocktail of protease inhibitors: Phenylmethylsulfonyl fluoride (PMSF), iodoacetamide, leupeptin, and N ␣ -Tosyl-L-lysine chloromethyl ketone hydrochloride (TLCK) and lysed by 10 cycles of freezing-and-thawing. The samples were centrifuged at 11,300 ϫ g for 30 min at 4ЊC. Immunol II plates (Nunc Immunomodules; Nalge Nunc, Denmark) were coated with 1 g of lysed parasites per well for 1 hr at 37ЊC and then overnight at 4ЊC. After blocking with 2.5% low-fat milk, hybridoma cell supernatant or diluted mice sera was added to the wells. Horseradish peroxidase (HRP)-conjugated sheep anti-mouse immunoglobulin (Amersham Life Science, Buckinghamshire, United Kingdom) was used to detect specific antibodies. Tetramethyl benzidine (TMB) (Kirkegaard and Perry Laboratories Inc., Gaithersburg, MD) was used as substrate. Optical densities were read at 620 nm on a Titertek Multiskan (Labsystems, Helsinki, Finland).
Biochemical characterization. Western blot. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12% gel) was used to analyze protein samples, which were then electrotransferred onto a nitrocellulose membrane (Hybond C-0.45; Amersham Life Science). For immunodetection, the strips were incubated with the supernatants from hybridoma cells or sera samples in blocking buffer (2.5% low fat milk in PBS), followed by incubation with anti-mouse IgG. The reaction was developed with a VECTOR VIP Peroxidase Substrate Kit (Vector Laboratories Inc., Burlingame, CA).
Flow cytometry. Assays for recognition of stage-specific proteins on viable parasites were done using flow cytometry. Leishmania (V). panamensis promastigotes and axenic amastigotes (5 ϫ 10 5 ) were washed three times with 0.1% sodium azide in PBS. The parasites were then incubated with hybridoma cell supernatant for 30 min at 4ЊC. Parasites were then washed with 0.1% sodium azide in PBS and incubated with anti-mouse-Fluorescein isothiocyanate (FITC) at a dilution of 1:1,000 (Vector Laboratories Inc.) for 30 min at 4ЊC. The parasites were then washed with D-PBS and resuspended in 300 l of plain PBS and immediately analyzed. An FACSort (Becton Dickinson, Immunocytometry Systems, San Jose, CA) was used to detect FL1 fluorescence. Fluorescent parameters from single parasites were collected using a logarithmic amplifier after gating on the forward scatter (FSC) versus side scatter (SSC) dot plot. Before cytometric evaluation, cells were counterstained with propidium iodide (5 g/ml). For analysis, the live population was gated and total fluorescence was determined. A total of 30,000 parasites were analyzed per tube and data acquired in list mode were processed using the CellQuest (BectonDickinson, Immunocytometry Systems) software. The fluorescence distribution was displayed as a single histogram. and L. (V). guyanensis stationary phase promastigotes and axenic amastigotes using the TRIzol reagent (Gibco-BRL) according to the manufacturer's instruction. The RNA was routinely treated with RQ1 RNase-free DNase (Promega, Madison, WI). Five micrograms of total RNA were reverse transcribed into cDNA with Maloney murine leukemia virus reverse transcriptase (Gibco-BRL) and oligo d(T) primers. A PCR was used to amplify a 0.54-kb fragment in the carboxyl terminal portion of the mature protein of the Ca 2ϩ -ATPase gene. The oligonucleotides used were CaRH-1 5Ј-TCAATTCCAGATACGACTCA-3Ј and CaRH-2 5Ј-TTCT-TTCGCTACATGGTTGT-3Ј 4 . Amplification was run in a 9600 DNA thermal cycler (Perkin Elmer Corporation, Foster City, CA) for 30 cycles of 1 min at 95ЊC, 1 min at 50ЊC, and 1 min at 72ЊC. Two oligonucleotides were used in parallel to amplify a ␤-tubulin gene partial region that is constitutively expressed in promastigotes and amastigotes. The oligonucleotides used were ␤-tAG-1 5Ј-ACAACACGACC-CTCTCTG-3Ј and ␤-tAG-2 antisense: 5Ј-AGGTGACGGA-CATCTTGAG-3Ј. The products (15% of amplification reactions) were analyzed by electrophoresis on a 1% agarose gel.
Amplification of cysteine protease. Two micrograms of total RNA from L. (V). panamensis stationary phase promastigotes and axenic amastigotes were reversed transcribed into cDNA. To amplify the cysteine protease, two oligonucleotides flanking a 0.48-kb region were used: LCP-1 5Ј-AAG GCG CGT GCG GGT CGT-3Ј and LCP-2 5Ј-CGA GTT CTT GAT CAC CCA GTA3-Ј. 21, 22 Amplification was run as described above and ␤-tubulin was used as housekeeping gene. The products were analyzed by electrophoresis on a 1% agarose gel.
RESULTS
Obtaining stable L. (V). panamensis and L. (V)
. guyanensis amastigote axenic cultures. The total number of recovered intracellular amastigotes was around 5 ϫ 10 7 parasites from an estimated 12 ϫ 10 6 U937 cells. Recovered parasites observed by light microscopy appeared to be 90% viable, round in shape, and immobile. After adaptation to axenic growth conditions at 34ЊC, the cultures exhibited a homogeneous population in logarithmic phase, forming large clumps in stationary phase. Typical axenic amastigote growth curves are shown in Figure 1 . Growth kinetics are very similar in both species, presenting a generation time ranging from 20 to 22 hours. Growth curves were seen to be identical in axenic cultures in presence or absence of 5% CO 2 .
Leishmania (V). panamensis and L. (V). guyanensis axenic amastigotes analyzed by light microscopy showed morphologic features very close to those reported for other Leishmania species. 26, 34 Amastigote forms adapted to axenic culture appear aflagellated and were 2.5-2.6 m wide and 3.3- (Figure 2A ). In contrast, promastigote sizes were 2.5-3 m wide and 10-11 m long ( Figure 2B ). Electron microscopy showed parasite forms characterized by a flagellar pocket with a distended reservoir containing abundant electron-dense particles and dense vesicle-like structures in the cytoplasm (Figure 3) . Microscopy also revealed the lack of a paraxial rod, a structure implicated in promastigote flagellar movement. Axenic amastigotes conserved these characteristics during several in vitro subcultures.
m large in both L. (V). panamensis and L. (V). guyanensis
Biological and molecular assessment of axenic amastigotes. An L. (V)
. panamensis axenic amastigote monoclonal antibody was produced as described in the Materials and Methods. The monoclonal antibody, designated 4C4C2A, showed two polypeptides in the 30 and 57 kD range by Western blot recognition; this was present exclusively in amastigotes. Furthermore, this antibody specificity toward amastigotes was assessed by flow cytometry. Recognition was measured as fluorescence intensity (mean fluorescence), as shown in Figure 4 . A mean fluorescence channel value of 253 was obtained by incubating amastigotes with this monoclonal antibody, in contrast to the 7-92 mean fluorescence channel values for the isotype control antibody. No significant differences were observed between reactivity with monoclonal antibody 4C4C2A and the isotype control in the promastigote stage.
Thymidine incorporation was also assayed in both promastigotes and axenic amastigotes. In 30-hr cultures, promastigote incorporation was 50% higher than that observed for axenic amastigotes.
Genes encoding cysteine proteinases have been described as being preferentially transcribed in the amastigote stage of parasites from the L. (L). mexicana and L. (L). donovani complexes. 5, 22 In L. (L). mexicana, the expression of one group of cysteine proteinases has been shown to be related to parasite survival within the macrophage. 5 When the antipain cysteine proteinase inhibitor was used, a clear effect on axenic amastigote growth was seen ( Figure 5 ). In contrast, and similar to that described by others, when the inhibitor was used at concentrations of 25 or 50 M, promastigote growth kinetics were scarcely affected. 35 Taken together, these results suggest that the conditions used for axenic amastigote growth favor stage-specific molecule regulation.
To ascertain whether the axenic conditions used maintain amastigote molecular features, Ca 2ϩ -ATPase gene developmental regulation was evaluated. Such a gene represents an amastigote-specific marker. 4 To amplify a 540-basepair (bp) product by PCR, which represents the carboxyl terminal portion of the molecule, specific primers were designed. The amplified product was obtained using axenic amastigote templates but not with cDNA derived from metacyclic promastigotes. An amplified 540-bp fragment was detected only in axenic amastigotes (Figure 6a) . Likewise, molecular difference between L. (V). panamensis promastigotes and axenic amastigotes was assessed by PCR amplification of transcripts encoding a cystein protease 480-bp region, which has been shown to be overexpressed in amastigotes. 21, 22 As presented in Figure 6b , a high level of transcripts was detected, mostly in L. (V). panamensis axenic amastigotes compared with promastigotes. Expression quantification by scanning densitometry demonstrated that the levels were almost 100 times greater in amastigotes than in promastigotes. ␤-tubulin was used as a housekeeping gene (constitutively expressed molecule control); a similar 570-bp band was detected in both amastigotes and promastigotes.
Axenic amastigote infectivity. Parasite infectivity was tested by internalization assays using L. (V). guyanensis and L. (V). panamensis promastigotes and axenic amastigotes. It was observed that the amastigotes exhibit higher infectivity than the promastigotes from the same Leishmania species. The percentage of infected macrophage using axenic amastigotes was approximately 35% higher than that displayed by promastigotes; similarly, the total number of intracellular parasites was twice as high in macrophages infected with amastigotes ( Figure 7 ). Axenic amastigote infectivity was not modified by the long time in culture or after various passes in vitro. Ten serial cultures were carried out, and they showed no evidence of changes in kinetic growth or morphology, and only after several in vitro passes did they start to lose their infectivity. A lower infectivity was observed after approximately 10 in vitro passages. This was approximately 15% less than that of the initial culture.
DISCUSSION
Leishmaniasis, which is produced by the guyanensis and braziliensis complex (subgenus Viannia) parasites, includes a broad clinical spectra characterized by skin ulcers or secondary metastatic mucosal lesions. 36 The cutaneous lesions frequently heal spontaneously and are usually susceptible to pentavalent antimony therapy, but have a propensity to produce latent relapsing disease. 37 Amastigote persistence and proliferation explains the maintenance of the clinical forms of this parasitosis. The technically laborious maintenance of a stable axenic amastigote population has impaired a fine characterization of the parasite life cycle in American Leishmania spp.
The traditional approach, implemented to produce amastigote-like forms in culture, includes progressive temperature and pH modification. Nevertheless, such methodology requires the use of individual conditions for each strain. 24, 26, 28, 29 In addition, it is very difficult to produce high-parasite, homogeneous, aflagellated population yields in a short period of time. The reported optimal temperature range for Leishmania guyanensis and braziliensis complex parasites' amastigote-like form growth is 28ЊC to 32ЊC. 26 This condition differs for L. donovani and L. mexicana, which require 37ЊC and a higher CO 2 level. 11, 31 The broad range of optimal conditions makes the simultaneous maintenance of different strains difficult. In addition, when the parasites are cryopreserved, a re-adaptation is essential to initiate new cultures. The conditions reported for L. donovani and L. amazonensis, where the direct changes in acidic pH and higher temperatures induced promastigote to amastigote transformation, do not apply for L. (V). guyanensis and L. (V). panamensis. 29, 38 An alternative methodology for working with amastigotes involves parasite recovery from experimentally infected animals. Nevertheless, New World Leishmania spp. infectivity in BALB/c mice and hamsters is very variable and unpredictable by comparison with other species. 39, 40 Several reports have documented macrophage-like cell line in vitro infection as being an alternate model for conversion from promastigote to amastigote stage. 41, 42 The U937 cell line has been extensively used for parasite differentiation, replication, and maturation studies. [41] [42] [43] Extensive parasite replication inside U937 cells, in an environment very close to that of the human counterpart, simplifies parasite recovery by mechanical disruption, thus avoiding the use of density gradients. 37 Such an approach also decreases the presence of cellular debris derived from the host.
Axenic amastigote production and characterization from different Leishmania species is described here. The methodology includes the adaptation of intracellular amastigotes derived from the macrophage U937 cell line. 41 Leishmania guyanensis complex axenically cultured amastigote molecular and biochemical features are reported. Nevertheless, the technique has been also applied to L. chagasi, L. amazonensis, and L. mexicana. The optimal conditions required for all of them are a final pH of 5.5 at 34ЊC in presence of CO 2 . Such conditions reproduce the natural environment inside the phagolysosome. These parasites were cryo-preserved in liquid nitrogen, thawed, and immediately cultured at 34ЊC without further adaptation. In addition, promastigote conversion was easily obtained by axenic amastigote cultivation in NNN medium at 24ЊC.
Several monoclonal antibodies reacting against amastigote proteins have been previously reported. Such antibodies would seem to be a sensitive tool for stage-specific protein identification. Using this approach, Hodgkinson and others identified 18-, 20-, 36-, and 76-kD amastigote-specific proteins in L. amazonensis and L. pifanoi. 29 Heterogeneous 50-kD bands were described in the L. braziliensis complex. 27 When one monoclonal antibody elicited against L. (V). panamensis axenic amastigotes was used, two stage-specific polypeptides were recognized in the 30-and 57-kD range. Monoclonal antibody specificity was assessed by flow cytometry (Figure 4 ). Both tests demonstrated that this is highly specific for amastigotes. The characterization of such molecules and the relevance of their cross-reactivity with L. (V). guyanensis or specific expression in amastigotes deserves further investigation.
Leishmania parasites extensively modify their biochemical features to facilitate persistence of a digeneic life cycle. The molecular shift permits the organism's adaptation to the high contrastable environment ranging from the free parasite in the vector to intracellular forms in the vertebrate host. Such changes reflect the expression of a precise molecular development program. Stage-specific molecule expression by cysteine proteinase activity characterization was experimentally investigated because this proteinase is expressed more in amastigotes. Therefore, cysteine protease inhibitors restrained amastigote to promastigote transformation and amastigote growth. Studies using L. (V). panamensis and L. (V). guyanensis axenically grown amastigotes showed an antipain cysteine proteinase inhibitor time-dependent direct effect ( Figure 5 ). In contrast, experiments conducted in parallel with promastigotes were slightly affected by treatment with the inhibitor (Figure 5) .
The over-expression of cysteine protease was demonstrated by the higher level of transcripts in the amastigote stage (Figure 6b ). This seems to pertain to a family of cysteine proteases that are regulated differentially, showing major expression in the amastigote stage. Furthermore, the proteolytic activity determined on a gelatin acrylamide gel is higher in amastigotes than in promastigotes. In this analysis, two cysteine protease activity bands were observed: a major band at 30 kD and a faint one at 24 kD, they were inhibited by cysteine protease inhibitors (Puentes F, unpublished data). All data indicated that the over-produced cysteine protease in amastigotes is biologically active and related to parasite survival ( Figure 5 ).
Differences in gene expression and protein synthesis patterns not only reflect developmental shifts but also changes in solute transport. 11 This could explain the modifications in the thymidine incorporation seen in amastigotes.
The availability of axenic amastigotes from different Leishmania spp. has simplified several stage-specific genes characterizations, including heat shock proteins (HSP83 and HSP100), histone H1, cysteine proteinase, the A2 gene family, the LmcDNA gene family, the SL gene, and the gene encoding for a Ca 2ϩ -ATPase. [1] [2] [3] [4] [5] 11, [15] [16] [17] 19, 20, 24, 26, 27 Differential expression of the Ca 2ϩ -ATPase gene has also been involved with amastigote virulence and their ability to survive inside macrophages. The Ca 2ϩ -ATPase gene was selected as a molecular marker to characterize the axenic amastigotes. Amplification of a 0.54-kb fragment by the RT-PCR, which was present in amastigotes but absent in promastigotes, allowed the speculation that the conditions used to maintain axenic amastigotes are feasible for maintaining cellular differentiation molecular markers (Figure 6a) . A major concern dealing with virulence is infectivity loss after Viannia isolate long-term culture. The feasibility of maintaining functionally active subgenus Viannia axenic amastigotes, using the straightforward methodology described here, will facilitate virulence characterization and gene differentiation. In addition, from the immunologic point of view, amastigote-specific antigens have been reported to induce potent cellular responses in susceptible hosts. 44, 45 In humans, relevant T cell epitopes have also been reported in an amastigote protein. 30 Molecular and biochemical characterization of several factors involved with Leishmania parasites' intracellular permanence will contribute to the rational development of pharmacologic or immunologic measures to control the disease. 
